Neutron and Proton Radiation Fields

General
Information regarding the characteristics of neutron sources for radiotherapy has been summarised previously (ICRU, 1964; ICRU, 1969; ICRU, 1977; Cross, 1978; Ullmaier et al., 1977; Barschall, 1978; Tsukada, 1980; Lone and Bigham, 1983; Wootton, 1988; ICRU, 1989) . There is considerable interest in the properties of neutron beams produced by proton and deuteron bombardment of both thick and thin light-element targets. These sources have applications in radiotherapy and in radiobiology and are used for the determination of fundamental data, the calibration of instruments, and for applied research. Furthermore, the characterization of sources is important for performing accurate radiation transport calculations.
In the present Report, the characteristics of the p + 9 Be and d + 9 Be reactions as neutron therapy sources will be discussed as only these high-energy reactions are presently considered suitable for this application because of their high yield and good penetration (Wambersie et al., 1989; Maughan, 1992) . Fluence spectra, angular distributions, yields, and other relevant topics, will be discussed. For completeness, some of the clinical beam characteristics of high-energy facilities are given. Comparisons of measured neutron therapy source data with calculations are also described. Sections on monoenergetic (En< 20 MeV) and quasi-monoenergetic (En= 20-100 MeV) neutron beams are also included as they are used for cross section and kerma coefficient measurements, calibration of detectors and applied research (e.g., activation analyses). Experimental measurements of the p + 9 Be thin-target spectra are compared with an evaluation using pre-equilibrium/evaporation models. Although broad-spectrum neutron sources (Lone and Bigham, 1983; Nakamura and Uwamino, 1987; Baumann et al., 1986; Lisowski, 1994; Michaudon, 1994) are also used for measuring fundamental data and for applied research, they will not be discussed here.
The discussion in this chapter is limited to neutron energies below 100 Me V and will emphasize recent data, except in the case of quasi-monoenergetic neutron sources above 20 MeV, since these hav e not been covered in previous ICRU reports (ICRU, 1964; ICRU, 1969; ICRU, 1977; ICRU, 1989) . Earlier data which have not been superseded or are of significance will a lso be included for the sake of completeness. Information given in the previous ICRU reports is n ot included unless it is particularly relevant. Accelerators, target design and experimental equipment and techniques will not be discussed as t hese subjects are beyond the scope of the present Report.
A full description of the equipment and techniques used for the production of proton beams for therapeutic applications has been given in a recent ICRU report (ICRU, 1998b ) and therefore will not be repeated here. The first measurements of proton therapy beam spectra have recent ly been reported (Brooks et al., 1996; 1997) . These and some dose distributions are compared with calculations (Siebers and Symons, 1997) .
In this section, a description is also given of radiation fields in workplaces for radiation protection considerations, concentrating on fields that contain a significant fraction of neutrons with energies above 20 Me V, since this Report focusses on the higher energy nuclear data. These comprise fields in aircraft and spacecraft, fields around neutron and proton therapy facilities and around high-energy accelerators, as well as calibration fields intended to mimic the aforementioned radiation fields . Highenergy protons play a relatively small role in radiation fields accessible by people, compared to neutrons, despite t he fact that they are a constituent of radiation fields in aircraft and spacecraft.
Neutron Therapy Beams
In order to provide beams as penetrating as 4-8 MV x rays from linear accelerators, most modern neutron therapy facilities (Brahme et al., 1983; Jones et al., 1994; Maughan and Yudelev, 1995) use the reaction of high energy (E ~ 35 Me V) protons or deuterons on thick (stopping) or semi-thick beryllium targets. The reactions proceed to a number of states in the product nucleus and this tends to smooth and broaden the neutron spectrum. In addition, several many-body reaction channels with negative Q-values may be accessible and these enhance the low-energy yield if the incident energy exceeds the reaction thresholds (Table 3 .1).
Beryllium can be machined into convenient shapes, is stable and capable of withstanding typical target powers of a few kilowatts with relatively simple target designs and cooling systems. It has therefore always been preferred to 7 Li, which provides slightly higher yields (Amols et al., 1977) but has a lower melting point, a relatively poor thermal conductivity, oxidises easily, and therefore is not suitable for producing clinical high-yield neutron beams.
Beams of neutrons for radiotherapy have been generated by fusion reactions (d + Tor d + D) or by stripping and inelastic reactions of deuterons or protons on beryllium targets (d + Be and p + Be, respectively). Fusion-produced neutrons are considered unsuitable for radiotherapy as the dose rates for realistic target and incident beam combinations are too low for modern radiotherapy (Bewley et al., 1984; Maughan, 1992) . Both the 9 Be(p,n) 9 B and 9 Be(d,n) 10 B reactions are examples of direct nuclear reactions (Tobocman, 1961) . These are single-stage processes in which a large fraction of the momentum of the incident particle tends to be transferred directly to the emitted particle. This process is confined to interactions between the incident particle and a nucleon near the surface of the target nucleus. The reactions are characterised by forward peaking of the higher energy particles produced (in contrast with the more isotropic angular distributions expected of evaporation particles), and gradual and usually monotonically increasing dependence of yield on bombarding energy. The 9 Be(p,n) 9 B reaction is a nonelastic nuclear process in which the proton "knocks-out" a loosely bound neutron from the Be nucleus. The 9 Be(d,n) 10 B reaction may be pictured as a stripping reaction in which the loosely bound deuteron is "stripped" of the proton (which collides with an outer nucleon), while the neutron is released at a distance from the nucleus of the order of the deuteron diameter. The neutron continues with approximately its original forward momentum and with little or no interaction with either the original or residual nucleus. The extent of the forward peaking of highenergy thick-target yields depends not only on the direct interactions, but also on both the nature of the breakup reactions which occur and the number of evaporation neutrons produced.
Neutron beams always include a gamma-ray component (ICRU, 1977) which is generated in the primary neutron-producing reaction by the bombarding charged-particle beam striking various structures or by reactions of the emitted neutrons with the surroundings, including those in the medium in which the dose is measured. In high-energy p + Be and d + Be therapy beams , the gamma dose is typically less than about 10% of the total tissue absorbed dose (Harrison and Cox, 1978; Pihet et al. , 1982; Jones et al., 1990; Shaw and Kacperek, 1996) , the actual values depending on the source reaction, beam modification system, field size, shielding, collimation, measuring position and measuring medium.
Because of the large biological effectiveness of neutrons (Bewley, 1989) , the gamma component is of little clinical consequence. The evaluation of the gamma component in neutron beams is described in previous ICRU reports (ICRU, 1977; ICRU, 1989) . Unless otherwise stated, only total absorbed doses are referred to in the present Report.
The clinical properties of neutron therapy beams, such as charged-particle build-up characteristics, depth doses, beam profiles and gamma contamination, depend on factors such as incident chargedparticle beam energy, target thickness and construction, source size, beam collimation and filtration. These properties depend, essentially, on the primary neutron energy spectra and angular distributions, which are not necessarily the same for different facilities that use the same source reaction, as the target construction and beam modification systems may be different. The main emphasis in this section will be on neutron energy spectra and angular distributions. There is also brief reference to absolute yields of the reactions in terms of kerma. A comparison of some of the clinical beam characteristics of existing high-energy neutron therapy facilities in Orleans, France (Sabattier et al., 1990) , Detroit, MI (Maughan and Yudelev, 1995) , Seattle, WA CBrahme et al., 1983 ), Seoul, Korea (Bonnett, 1986 Yoo et al., 1988) , Nice, France (Iborra-Brassart, 1997), Louvain-la-Neuve, Belgium (Vynckier et al. , 1982; 1983) , Batavia, IL (Rosenberg and Awscha lom, 1981a; 1981b) and Faure, South Africa (Jones et al. , 1994) is given in Table 3 .2. For reference, the characteristics of the clinical D-T neutron generator in Hamburg, Germ any (Cleland and Offermann, 1977; Franke et al., 1983) are also given. A survey of clinical facilities and beam characteristics has been given previously in ICRU Report 45 (ICRU, 1989) and by Bewley (1989) .
A knowledge of therapy beam spectra is particularly important since neutron interaction cross sections and kerma coefficients (this Report; Caswell et al., 1980; 1982) as well as biological effects (Hall et al., 1975; Beauduin et al., 1989) are energy-dependent. Spectral information is of interest when clinical data are exchanged between different centers and when radiobiological or dosimetric intercomparisons are undertaken. Neutron spectra can also be used within treatment planning programs to calculate the energy deposited in various tissues and dosimetry materials, to aid in the interpretation of biological phenomena, and to provide information for shielding calculations. The optim ization of shielding and collimator design for a neutron therapy system also requires, in addition, knowledge of the angular distributions of the generated neutrons.
The most com mon methods of measuring neutron spectra are time-of-flight , which is generally the most accurate technique (though it requires use of a standard cross section, as well as a long flight-path distance), recoil spectrometry and activation or fission spectrometry. Unfortunately, time-of-flight facilities are not usually available on therapy beamlines and much of the available spectral information on therapeutic neutron sources has been obtained under laboratory conditions. From the therapy point of view, the conventional time-of-flight method has the disadvantage that it is confined to measurements in air and cannot be used to measure spectra in a phantom, because the time-energy relation is lost as a result of multiple scattering, i.e., a source neutron which is scattered in the phantom takes a longer time to reach the detector than a neutron of the same energy which reaches the detector directly from the source. There is little agreement amongst the various measurements made of the p + Be neutron fluence spectra for EP;.;::: 45 MeV (Jones et al., 1992) , which is discussed in more detail below. The main features of the d +Be fluence spectra have been reproducible for a wide range of energies and experimental measurements (ICRU, 1977; ICRU, 1989) remains some uncertainty regarding the magnitude of the low-energy (<1 MeV) component. Nonetheless, stopping targets without filtration have historically been used for d + Be therapy beams, as the low-energy component contributes a smaller fraction of neutrons than for p +Be beams. The angular distributions of the two reactions are markedly different: for the d + Be reaction the forward peaking is much sharper than the relatively broad angular distributions for the p + Be reaction at similar incident particle energies. The form of the angular distributions have practical implications for neutron therapy facilities: for d + Be the shielding and collimation is simpler and less unwanted radioactivity is induced, while for p + Be t he requirements for beam flattening are less severe.
Measurements of dose rates as a function of bombarding energy under laboratory conditions have shown that the relation between total dose D 1 (Gy) at a distance of 125 cm from the target and t he charge Qt (C) deposited on beryllium targets by incident protons or deuterons of energy E (Me V) could be expressed in the form:
(3.1)
Least squares best fits to the data give A = 2.44 X 10-2 and B = 2.49 for proton beams and A= 2.49 x 10-2 and B = 2.95 for deuteron beams (ICRU, 1989) .
To obtain an accurate relationship for clinical beams is very difficult since the target thicknesses, target assemblies, filters, collimators, etc. tend to differ and the absorbed dose per incident particle will not necessarily lie on a smooth curve.
The p + 9 Be Reaction
Although the neutron yield from deuteron bombardment of thick beryllium targets is nearly an order of magnitude higher than for proton bombardment at the same energy (Almond, 1982; Bewley, 1989 ), the p + Be reaction has recently been preferred to the d + Be reaction as a source for neutron therapy beams (Brahme et al., 1983; Horton et al., 1988; Smathers and Myers, 1987; Myers et al., 1987; Smathers et al., 1988; Bonnett et al., 1988; Shaw et al., 1988; Jones et al., 1988; 1994) . This is because a given cyclotron can accelerate protons to twice the energy to which it can accelerate deuterons and can thus produce beams of higher penetration with higher dose rates per unit current (Awschalom and Rosenberg, 1980; TenHaken et al., 1982) . An exception has been the d(48.5) + Be(48.5) 5 superconducting isocentric cyclotron at the Harper Hospital, Detroit, MI (Maughan et al., 1994) , the small size of which has permitted installation in a hospital.
Measurements of p + Be broad neutron spectra in air (Allah, 1984) for proton energies greater than 35 MeV have been made most often by the pulsed-beam time-of-flight (TOF) technique (Amols et al., 1977; Johnsen, 1977; 1978b; Matley et al., 1977; Graves et al., 1978; 1979; Waterman et al., 1979a; 1979b; Harrison et al., 1980; Turco et al., 1981; Jones et al., 1992) , but recoil spectrometry (Ullmann et al., 1981; Crout et al., 1991) has also been used. A method that involved the iterative fitting of water-attenuation data has also been employed to derive a spectrum (Moyers and Horton, 1990) . Only the most recent high-energy measurements (Moyers and Horton, 1990; Crout et al., 1991; Jones et al., 1992) have actually been made in a clinical bea m, whereas all the other measurements have been made in nonclinical laboratory environments. The results of earlier TOF measurements made at the University of California, Davis (Amols et al., 1977; Johnsen, 1977; 1978b) have been criticised (Graves et al., 1978;  '' In the reaction notation d(x) or p(x) + A(y), x indicates the ch arged particle energy in MeV incident on the target A, while y indicates the energy in MeV dissipated by the charged particle in traversing the target A. Ullmann et al., 1981; Johnsen, 1978a) on the grounds that there were errors present in the version of the neutron detection efficiency code which was used. The spectra also suffered from poor resolution at high energies as a result of the short flight paths. Subsequent independent measurements at proton energies up to 46 MeV (Graves et al., 1979; Waterman et al., 1979a; 1979b; Turco et al., 1981; Ullmann et al., 1981) indicated that the main features ofp + Be fluence spectra were a relatively intense lowenergy component attributed to evaporation neutrons (the relative magnitude of this component depending on proton energy, target thickness and beam filtration), followed by a region of approximately constant fluence from about 10 MeV to near the kinematic limit, and then a steep decrease to the maximum energy. This spectral shape has, in the past, generally been adopted as the standard for stopping targets without filtration (Awschalom et al., 1983) . The most recent measurements in a clinical beam (Jones et al., 1992) at E P = 66 MeV, had a similar low-energy spectrum, but with a broad peak at neutron energies between about 20 and 30 MeV.
The shapes of the other two clinical beam spectra measured recently at EP = 45 MeV (Moyers and Horton, 1990) and EP = 62 MeV (Crout et al., 1991) are very different (Figure 3 .1). Furthermore, the only previous measurements of p + Be spectra at proton energies greater than 60 MeV, i.e., at 65 .4 MeV (Amols et al., 1977) and at 90-101 MeV (Matley et al., 1977; Harrison et al., 1980) reveal bell-shaped distributions in the higher energy regions. The shape of these spectra have little in common with the "standard" spectral shape (Awschalom et al., 1983) or with the most recent clinical beam measurements (Jones et al., 1992) . The differences between these measurements and the previous ones may be due to the markedly different measurement geometries employed. The measurements of Jones et al. in the clinical beam at the National Accelerator Centre (NAC) are the most extensive high-energy spectral measurements to date (Figure 3 .2). A recent Monte Carlo calculation (Ross et al., 1997) of the spectra using the LAHET code (Prael and Lichtenstein, 1989) showed good agreement with these measurements (Section 3.2.3 and Figure 3 .8).
Measurements of the angular distributions have also been undertaken at the NAC at forward angles using an external therapy target, i.e., the target was removed from the treatment head (Symons et al., 1995) . Two other sets of measurements at high energies (Ep > 35 MeV) are available (Johnsen, 1977; Waterman et al. , 1979b) . Energy spectra measured at NAC at different angles, 0°-90°, are shown in Figure 3 .3. As can be seen, the high-energy component of the beam decreases rapidly with increasing angle. The spectrum at 0° is softer than that previously measured with the target in the therapy head (Jones et al., 1992) . This is ascribed to the different surroundings with the unshielded target used for the angular distribution measurements.
Relative fluences as a function of angle are plotted in Figure 3 MeV) + 7 Li is most often proposed as an acceleratorbased epithermal neutron source for BNCT (Wang et al., 1989; Yanch et al., 1992; Allen and Beynon, 1995) , target design has been difficult because of the inferior thermal and chemical properties of lithium.
To produce specific neutron yields equivalent to those from p(2.5 MeV) + 7 Li, proton energies of at least 4 Me V are required for the bombardment of thick Be targets, and the higher neutron energies produced place more stringent conditions on moderator design (Wang and Moore, 1994; Howard et al., 1996) . The only recent detailed source measurements have been made by Howard et al. (1996) who used TOF techniques to determine spectral angular distributions for the p(3-4 MeV) + 9 Be thick target reaction. From these data, differential depth-dose distributions in a phantom were calculated.
The d + 9 Be Reaction
The d + 9 Be reaction was the first neutron therapy source to be used, because deuterons could be accelerated up to an energy of 16 MeV in classical solid-pole cyclotrons and the neutrons produced were considered intense and penetrating enough to be used for some therapy applications. Indeed, the first neutron treatment series at the University of California, Berkeley (Stone et al., 1940; Stone and Larkin, 1942; Stone, 1948) used, successively, the d(8) + Be and d(l6) + Be reactions. The latter source reaction was also used in the pioneering neutron therapy trials at the Hammersmith Hospital, UK (Catterall, 1974; Catterall and Vonberg, 1974) . Later, high-energy d + Be sources were used for therapy (Almond et al., 1973; Theus et al., 1974; Wynchank and Jones, 1975) , but have now largely been superseded by p + Be sources. Extensive information concerning the d + Be source reaction has been given in previous ICRU reports (ICRU, 1977; ICRU, 1989) .
Neutron energy spectra have been studied extensively over a wide range of incident deuteron ener-gies (ICRU, 1989) , and there is now general agreement regarding most of the main features at all incident energies, especially at high energies . Although some of the earlier data (ICRU, 1989) were not consistent, there seems to be some consensus (Lone et al., 1981; Brede et al., 1989 ) that there is a significant low-energy neutron component below 2 MeV, with a peak at about 0.8 MeV attributed to excitation of the 2.43 MeV level in 9 Be by inelastic deuteron scattering, followed by the decay of that level to 8 Be by neutron emission (Lone et al., 1981) . It is not yet clear whether the neutron yield increases or decreases below this decay peak. The peak is generally not observed in spectra measured using higher energy (>30 MeV) incident deuterons because such measurements are usually made with a higher detector threshold. This region is important from the radiobiological point of view because the relative biological effectiveness increases sharply at lower neutron energies (Hall et al., 1975; Cranberg, 1979) . There is a broad fluence maximum which occurs at a neutron energy of about 40% of the incident deuteron energy and which is ascribed to 3-body and 4-body breakup reactions, e.g., (d,pn), (d,2n), (d,p2n) ( (1975) . Schweimer (1967) had earlier measured spectra at 0° for a variety of thick targets, including beryllium, for Ed = 40.0 and 53.8 Me V and angular distributions up to ::: 15° for Ect = 50 MeV. He attributed the broad peak in the spectra to deuteron breakup. Wolfie et al. (1984) measured the thick target spectra at Ed = 30 MeV using a multiple-foil activation technique down to En = 2 MeV and observed a strong low-energy component below 5 MeV. The general form of the spectrum was consistent with other measurements. The 0° spectra measured by Meulders et al., (1975) for Ed = 16, 33 and 50 MeV are shown in Figure 3 .5. The fluence spectra measured for Ed = 50 Me V at different neutron emission angles are shown in Figure 3 .6 and the corresponding average neutron energies are given in Table 3 .3. The integral ftuences as a function of laboratory angle for Ed = 16, 33 and 50 MeV are shown in Figure 3 .7.
The angular distributions are strongly forward- 
Comparison with Calculations
The ability to perform model calculations that simulate fast neutron therapy beams is desirable for et al., 1975.) optimizing source characteristics, e.g., for increasing beam penetration or for increasing the effective absorbed dose by boron neutron capture. These calculations should, therefore, be sensitive to such details as target thickness and collimator design. Furthermore, if accurate calculations can be made, the results can be used as input to treatment planning programs. Several calculations have been made for d + T sources under various irradiation conditions (Kudo, 1982; Sekimoto et al., 1985; Bennett and Scott, 1987; Smith et al., 1989a) and agree reasonably well with measurements, where applicable, but these do not fall within the scope of this Report.
Monte Carlo simulations of d + Be therapy sources have been underta ken by Christenson et al. (1979) , Dorschel and Streubel (1983), Smith et al. (1989b) , Ross ( 1996) and Ross et al. ( 1997) . Christenson et al. (1979) calculated the neutron intensities for the thick-target d + Be reaction both on-and off-axis for deuteron energies between 14 and 40 MeV. The agreement between the theoretical predictions and experimental data (Weaver et al., 1973a,b; Meulders et al., 1975; Lone et al., 1977; Sa ltmarsh et al., 1977) is rather poor at low deuteron energies but improves with increasing deuteron energy. The intensities were derived by integrating the spectra above the detection threshold and the disagreement can, therefore , probably be ascribed to t he different detector thresholds used, as the effect of varying thresholds is accentuated at low energies. The best agreement was found with data measured with the lowest threshold of 0.3 MeV (Lone et al., 1977) . Dorschel and Streubel (1983) used a Monte Carlo code to calculate characteristics of the d(l3.5) + Be neutron therapy beam at the Technical University of Dresden, Germany. Comparison with measurements of fluen ce spectra (u sing track detectors), total and differential fluence and kerma as a function of depth in a phantom showed r eason able qualitative agreement, although in absolute terms, differences of up to 30% were observed. However, the calculations were considered accurate enough for the radiation protection purposes for which they were intended. heer et al., 1978; Bewley and Greene, 1983 ) and these were in reasonable agreement.
Recently Ross (1996) and Ross et al. (1997) have performed Monte Carlo calculations of energy fluence spectra for three neutron therapy beams, i.e., those at the National Accelerator Centre (NAC), Fermi National Accelerator Laboratory (FNAL) and Harper Hospital (Harper). These clinical beams are produced respectively by the reactions p(66) + Be (40) (Jones et al., 1994; 1996) , p(66) + Be (49) (Rosenberg and Awschalom, 198la; 198 1b ) and d(48.5) + Be (48.5) (Maughan et al., 1994; Maughan and Yudelev, 1995) .
For the calculations for th e NAC and FNAL facilities, the intranuclear cascade model of Bertini ( 1969) was us ed to describe t he physics of nuclear interactions in the LAHET code (Prael and Lichtenstein, 1989) . The breakup or evaporation of light nuclei (As; 20) is described by th e Fermi model (Brenner et al., 1981) . No preequilibrium intermediate stage is assumed. For the calculation for the Harper facility, the ISABEL intranuclear cascade model (Yariv and Fraenkel, 1979; 1981) is used (the Bertini model cannot be u sed with incident deuterons in LAHET). The Fermi evaporation model is again used and no preequilibrium intermediate stage is assumed. LA-HET is used to transport the 66 Me V protons and the 48.5 MeV deuterons through the Be target and also through the stopping material until their energy is less than 1 MeV. Protons or deuterons below 1 MeV are assumed to deposit their energy locally. LAHET is also used to transport neutron s above 20 MeV that are produced by nuclear interactions through the entire geometry of the therapy facility (i.e., target, filters and collimators ). Neutrons below 20 MeV, produced either from nuclear r eaction s or from downscattering of higher energy neutrons, have their kinematic variables stored for subsequent transport by the Monte Carlo transport code MCNP. In this case, the MCNP code (Briesmeister, 1993) used neutron cross section data from the ENDF/B-V library.
Fluence spectra have been calculated for a variety of operating conditions at a ll facilities, but comparison with measurements could only be made in the NAC's case. The spectrum measured for a 10 x 10 Figure 3 .8, together with the calculated fluence spectrum for the same field. The spectra are arbitrarily normalised at 40 MeV. The agreement in shape between th e m easured and calculated spectra is quite good. Differences observed at the high-energy end may be associated with the finite energy resolution of the experimental system not being properly accounted for. The fluence ca lculations at H arper for three field sizes are shown in Figure 3 .9. T he curves are arbitrarily scaled for clarity. The calculations show a large and increasing component of fluence below 2 MeV. The general shape of the spectra agree reasonably well with experimental laboratory measurements (Meulders et al., 1975) . For NAC and FNAL the calculated dose rates are lower tha n the measu red rat es by up to 30%, while the calculated values for H arper are about 10% lower. These discrepancies are not understood. 
Monoenergetic Neutron Beams
A neutron source can be considered "monoenergetic" ifthe energy spectrum consists of a single peak which has an energy spread which is much less than the energy of the peak. The ideal source has a small energy spread and a negligible neutron intensity at lower and higher energies.
Neutrons Beams w ith Energies below20MeV
Monoenergetic neutron sources with energies below 20 MeV are most conveniently produced by reactions between the hydrogen isotopes or between protons and 7 Li. By proper choice of reaction type, monoenergetic neutrons up to 20 MeV can be produced with negligible background radiation, and the bombarding energies needed to initiate the reactions are modest and can be provided by electrostatic generators. The most common reactions are 7 Li(p,n), T(p,n), D(d,n) and T(d,n). The International Organization for Standardization has made recommendations concerning appropriate reference sources for the calibration of neutron measuring devices (ISO, 1989) .
The physics of these primary monoenergetic sources has been known for decades (Fowler and Brolley, 1956; Brolley and Fowler, 1960; Monahan, 1960; Gibbons and Newson, 1960; Goldberg, 1963) , although advances have been ma de in accelerator and target technology and in detectors, and more accurate absolute values of some of the reaction parameters have been derived. Liskien and Paulsen (1973, 1975) provided cross section evaluations for these sources based on experimental data available up to that time. The most comprehensive recent reviews of these sources have been given by Uttley (1983) , Drosg and Schwerer (1987) and Drosg (1990) . Drosg and Schwerer (1987) reviewed the source properties and graphically presented the angula r dependencies of neutron energies and cross sections. In addition, tables of Legendre coefficients were given which allow the calculation of cross sections for a ny conditions. New evaluations, which have recently been prepared (Drosg, 1997), now supersede the earlier ones (Drosg and Schwerer, 1987) .
With the classic monoenergetic neutron source reactions there is a "gap" between about 8 and 14 MeV in which strictly monoenergetic neutrons cannot be produced (Drosg, 1990) . If the presence of breakup neutrons can be tolerated, then the p +Tor d + D reactions can be used. However, relatively high incident beam energies are required. For example, to produce neutrons with energies of about 12 MeV at 0°, incident proton and deuteron energies of about 13 and 9 Me V, respectively, are required. Of the two reactions, p + T is preferred in this energy range since the relative yield of T(p,np) 2 H neutrons is only a bout 10% of that from deuteron breakup when using the d + D reaction at similar energies. The ideal reaction for producing neutrons in the "gap" region is considered to be t + H because of its extremely high yield (Drosg, 1990) . But with the closing of the Los Alamos Ion Beam Facility, there are currently no triton beams available in this energy range.
The latter reaction and ot her "inverted" (p,n) or (d,n) reactions in which the projectile and target are interchanged, e.g., 1 H(7Li,n) , 2 H(t,n), lH( llB,n), 1 H(1 3 C,n), 1 H( 1 5N,n ) are advantageous in some respects (Drosg, 1987; 1990; 1995; 1997 , Meigo et al., 1994 , but the technological difficulties of providing triton or heavy-ion beams prevent t heir routine laboratory use; hence they will not be considered here. Recently, t he potential use of (d ,n) reactions on 7 Li, 11 B, 13 C and 15 N in the "gap" region has been evaluated, but these reactions all give multipeak spectra (Drosg, 1997) . However, there is relatively good separation between the highest energy peak and the adjacent peak. For example, for the 15 N(d,n) reaction, this separation is 5.69 MeV (Drosg, 1997) . The main advantage of using these reactions lies in the fact that only low-energy accelerators are necessary at energies below the deuteron breakup threshold.
The (p, n ) react ions on medium-weight nuclei which produce monoenergetic neutron beams in the keV region, e.g., 45 Sc(p, n ) 45 Ti, 5 1 V(p, n ) 51 Cr, 57 Fe(p, n) 57 Co are not considered here. Information on these reactions can be found in Marion (1960 ), Drosg (1980 and Uttley (1983) .
Neutrons Beams with Energies Above20
One of the most practical ways of producing quasimonoenergetic neutron beams in this energy range is by the bombardment of light elements with protons (Rapaport, 1986) . For the energies under consideration h ere, it is not possible to produce strictly monoenergetic neutron beams because the proton energy always exceeds the thresholds for particle breakup and for the formation of excited states in the product nucleus. The neutron spectrum will always, therefore, contain a continuum oflower energy neutrons while t he main peak may contain more than one neutron group. In time-of-flight experiments, it is possible to eliminate contributions from the continuum and possibly a lso the lower energy discrete groups of neutrons. As in the case of the conventional low-energy monoenergetic neut ron beams, the energy resolution is determined by the characteristics of the incident beam and target, a nd acceptance angles of the sample and detector.
The most favorable targets for neutron production with proton beams above 20 MeV are generally considered to be 2 H, 6 Li, 7 Li and 9 Be (Brady and Romero, 1990) with 7 Li being the most common (Conde et al., 1990; Niizeki et al., 1990; Baba et al., 1994; Slypen et al., 1995a) . Most of the data given here are from a comprehensive review by Brady and Romero (1990) , who summarized the relevant data available at that time. Typical spectra for the four (p,xnl reactions mentioned above are shown in Figure 3.10 (Brady and Romero, 1990) . These measurements were made using a proton recoil telescope. Many examples of such spectra are available in the literature (Jungerman et al., 1971) . However, those shown here are measured under the same experimental conditions and are therefore directly comparable. The absolute cross sections determined from these measurements were later revised to values 5-15% lower after new n-p differential cross sections became available (Romero et al., 1976) . For the D(p,n)2p ( Q = -2.225 Me V) reaction, pressurized gas (J ungerman et al., 1971 (J ungerman et al., ), liquid (Measday, 1966 Henneck et al., 1987) or deuterated solid (Batty et al., 1969) targets can be used. The neutron peak shows a characteristic low-energy broadening due to the final state interaction between the two protons. The width of the neutron peak is ~2 MeV (FWHM) which is intrinsic and due to 3-body kinematics. For the other reactions considered here, the peak-width is determined by the energy resolution of the detector. The D(p,n)2p reaction does, however, have a r elatively high cross section, which ha s an almost constant value between 30 and 40 mb srt over the energy range from 40-150 MeV (Henneck et al., 1987) . The value obtained by Batty et al. (1969) at 30 MeV is somewhat higher ( ~50 mb sr-1 ) .
Neutrons from the p + T reaction have also been studied by Batty et a l. (1969) at 30 and 50 MeV and by Rapaport (1986) between 20 and 50 MeV, who calculated the 0° cross section above 30 MeV to be about 40 mb sr t. Although this reaction has the highest cross section in the energy r ange under consideration, the problems encountered with tritium targets and the associated radiation hazard restricts its use as a practical source of high-energy neutrons.
The cross section for the 6 Li( p,n) 6 Be (Q = -5.07 MeV) ground state reaction varies from about 7 mb sr-1 at 40 MeV to about 20 mb sr 1 at 80-200 MeV (Rapaport, 1986) , which is somewhat smaller than the 7 Li(p,nl 7 Be (ground state + 0.429 MeV first excited state) cross section. If the target is not isotopically pure, a small peak due to 7 Li will be observed at an energy of about 3 MeV greater than the main peak (Figure 3.10) (Jungerman et a l., 1971) . This Neutron Energy (MeV) Fig. 3.10 . Zer o-degree (p ,xn ) double differ ential coss section s observed by bombarding thin targets of 2 H, "Li, 7 Li, and 9 Be with 39.3 MeV inciden t protons. The small peak at an ener gy of about 3 MeV a bove the m ain peak in the case of 6Li is due to 'Li, which constituted ~5% of th e 6 Li target. The experimental resolu tions employed were -2 MeV in all cases, except fo r 9 Be. wher e 1 MeV resolution was used. reaction has apparently not been used in any practical application.
Because of the relative simplicity of manufacturing suitable isotopically pure targets and the large 0° cross section, the 7 Li(p,n)7Be reaction (Q = -1.644 MeV) is probably the most practical source ofquasimonoenergetic sources over a wide range of energies. The main disadvantage of this reaction is that the main peak contains two unresolved neutron groups leading to the ground and 0.429 MeV first excited state in 7 Be, which limits the resolution to -0.5 MeV. The differential cross section at 0° for the ground state + 0.429 Me V state reaction increases from about 8 mb sr-1 at 13 MeV to an approximately constant value of about 35 mb sr -1 above 30 MeV (Yamanouti, 1987) . Romero et al. (1986) measured neutron-induced charged particle spectra between 25 and 60 MeV using neutrons from the p + 7 Li reaction at 0°. The neutron spectra consisted of a peak that contained about 60% of the neutrons and a flat low-energy continuum. For a typical 40 MeV, 14 µA incident proton beam, the fluence rate in the quasi-monoenergetic peak (1 MeV FWHM) at 3.4 m was about 10 5 cm-2 s-1 . Schery et al. (1977) For the production of neutrons with the p + 9 Be reaction, thin elemental foils can be used (Batty et al., 1969 , Jungerman et al., 1971 . The main feature of the spectra is the secondary peak due to strong excitation of the 2.33 and 2.83 MeV levels in 9 B (Batty et al., 1969; Jungerman et al., 1971; Nakamura and Uwamino, 1987) which is observed if the experimental resolution is good enough. Batty et al., (1969) report 0° cross section values at 30 and 50 MeVof29.3 and 20.0 mb sr-1 , respectively. Romero et al., (1976) report corresponding values of 33.0 and 24.2 mb sr-1 respectively. These latter data were revised values from earlier measurements (Jungerman et al., 1971) .
3.3.2.1 Evaluated Data for the p + Be Reaction. Evaluated data libraries for n eutron-and proton-induced reactions up to 100 MeV have been constructed from experimental data and model calculations (Young et al., 1990) . Of interest here is the 9 Be(p,xn) thin-target reaction. Several data sets were utilized-J ungerman et al. (1971 ( ), Byrd et al. (1983 and Meier et al. (1989) . 
Workplaces with High-Energy Neutrons
Neutrons with higher energies are present in a number of workplaces. Examples are radiation fields behind the shielding of medical accelerators and of high-energy accelerators used in research, and fields in aircraft and spacecraft. This implies t hat shielding at accelerators needs to be designed properly a nd that suitable dosimetric methods have to be applied in routine radiat ion protection for high-energy neutrons . The compendium of neutron spectra (Griffith et al. , 1990) includes data for several radiation fields which belong to these categories.
Accelerators for protons and heavy ions which are in use for basic and applied research produce highenergy neutrons in ta rgets and along t he beam lines by beam losses. When high-energy protons interact with matter, a hadronic cascade arises in which the neutron energies may extend as high as the proton energy. This h igh-energy component generates neutron radiation of all lower energies at every point in the shielding via the interactions in the nuclear cascade. Due to their high penetration, these neutrons represent, in many cases, a considerable fraction of the radiation behind shielding a nd therefore determine the thickness of the required shielding. In these environments, neutron energy distributions have been measured with the multisphere technique (Cossairt et al., 1985) , or by supplementing the set of spheres by methods which exhibit a selective sensitivity to higher-energy neutrons, such as the activation due to the 12 C(n,2n) 11 C reaction (Moritz, 1989; Moritz et al., 1990) or the detection of fragments from neutron-induced fission in 232 T h and 2 09Bi (Dinter a nd Tesch , 1996; Aroua et al., 1997) . The observed energy distributions are dependent on the actual geometry of the shielding and the measurement position (Moritz, 1989) while generally showing peaks at neutron energies of about 1 MeV and 100 MeV, respectively (Moritz et al., 1990; Dinter and Tesch, 1996) , as shown in Figure 3 .12. Moritz et al. (1990) reported that more than half of the dose equivalent is due to neutrons with energy greater than 20 MeV behind shielding at a 12-GeV proton accelerator. Measurements with a spectrometer and various dosimeters behind concrete shielding of a heavy-ion beam (160 GeV per nucleon lead ions) also show a two-peak structure (Aroua et al., 1997) . The relative intensities in these two peaks are different from those observed behind concrete shielding of a proton beam.
Photoneutrons are generated at high-energy electron accelerators by different mechanisms, depending on the energy of the interacting photon that excites the nucleus: giant resonance excitation from a few MeV to about 30 MeV, quasi-deuteron excitation (where photoabsorption occurs on a correlated neutron-proton pair in the nucleus) from about 30 MeV to 300 MeV, and photopion production above about 140 MeV. Vylet et al. ( 1997) measured neutron energy distributions at the Stanford Linear Accelerator using the multisphere technique. For 46.6 GeV electrons impinging on the beam dump, the spectra behind shielding exhibit a two-peak structure, with a peak around 1 MeV and a second one slightly below 100 MeV. Neutrons with energies above 26 MeV contribute more than 30% to the neutron dose equivalent (Vylet et al. 1997) .
The health physics aspects of hospital-based accelerators are of particular importance. The radiation shielding must lower dose rates sufficiently for general population occupancy, and the available space for this task is often restricted. Therefore, the design of shielding relies critically on precise methods to calculate the penetration of high-energy radiation through material and on appropriate dosimetric methods to verify the calculations. Electron accelerators employed extensively in standard radiation therapy produce neutrons of lower energy and the radiation fields are therefore not considered here. Measurements at a neutron therapy unit which produces neutrons with energies up to 70 MeV reveal that the neutrons generally represent the dominant fraction of the dose equivalent behind shielding (Bonnett et al., 1991) . At proton therapy units, scatterers, collimators and the patient are sources of higher-energy neutrons. In the forward direction, neutrons with energies up to the incident proton energy, i.e., up to 250 MeV, are produced. Shielding calculations have been performed for a proton therapy facility (Hagan et al., 1988) by simulating the neutron production in iron and water with an intranuclear cascade model and the neutron transport through concrete with the one-dimensional discrete ordinates codeANISN. Shielding measurements were reported in which tissue-equivalent proportional counters have been used (Siebers et al., 1993; Binns and Hough, 1997) or in which different dosimeters have been compared (Maza] et al., 1997) . Siebers et al. (1993) revealed significant discrepancies between measured and calculated dosimetric data. They argued that this was caused by the fact that the intranuclear cascade model used for these calculations failed to correctly describe the neutron production in low-Z material at forward angles, as has been observed for a stopping-length aluminum target (Wachter et a l., 1967) .
The radiation field in aircraft at flight altitudes is composed of a variety of particles with broad energy ranges. Its intensity and composition is influenced by altitude, latitude, longitude and the solar activity. Secondaries are created in the outer atmosphere and in the aircraft structure by cosmic radiation. Neutrons extending to energies above 100 MeV are a major component of these secondaries. Many investigations on this topic were presented at a workshop on radiation exposure of civil aircrew (Reitz et al. , 1993) while a summary was given by Bartlett et al. (1997) . Figure 3 .13 compares results of measurements wjth a Bonner-sphere spectrometer in aircraft with those measured at ground level and from calibration fields for high-energy neutron radiation (see below). Roesler et al. ( 1998) calculated radiation fields in the atmosphere with the FLUKA code (Fasso et al., 1997) . They compared their calculated neutron fluence spectra with results from Bonnersphere measurements on top of the Zugspitze mountain at an altitude of 2963 m (Schraube et al., 1997) . Agreement was found only over parts of the energy range.
The radiation fields in spacecraft are, like those in aircraft, complex mixtures of high-energy particles. The neutrons inside the spacecraft result mainly from nuclear interactions of the galactic protons and 10-• 10-2 10-1 10° 10 1 10 2 10 3 10• 10 5 10 1 10 7 10 8 10 9
Neutron energy, £,, / eV Fig. 3 .13. Fluence spectra measured during flights at altitudes of about 12 km at locations close to Fairbanks, Alaska (FAD and Seoul, South Korea (SEL) . The results are compared with those from th e CERN reference fields (behind concrete and behind iron shielding) and with measurements at ground level (PTB). The two spectra measured at CERN are normalized to the neutron fiuence per pulse of the beam monitor, the other three spectra are normalized to the neutron fiuence per minute. (After Schrewe et al., 1998.) protons trapped by the earth's magnetic field with the wall material of the space vehicle. Calculations which were performed for space missions (Armstrong and Colborn, 1992) show that the neutron fluence behind a shielding of20 g cm-2 (corresponding to the mean wall thickness of the space station MIR) is about a factor of six higher than the proton fluence and that neutrons contribute several percent to the total absorbed dose. Their contribution in terms of dose equivalent is even higher. Recent measurements have confirmed that neutrons contribute significantly to the dose equivalent received by astronauts in the space station and the space shuttle (Dudkin et al., 1996; Luszik-Bhadra et al., 1999) .
Reference radiation fields for high-energy neutrons are essential for investigating and calibrating neutron measuring devices. N early monoenergetic fields like the neutron beams with energies up to 70 MeV at the accelerator facility of Universite Catholique de Louvain (Schuhmacher et al., 1999) are particularly suited to investigate the energy dependence of dosimeters. Fields with broad neutron energy distributions extending to energies well above 100 MeVhave been developed at CERN (Aroua et al. , 1994) and at the Institute of High-Energy Phys ics, Protvino (Alekseev and Kharlampiev, 1997) to simulate the radiation fields described in this section. The reproducible and well defined CERN fields have been used for an intercomparison of dosimeters (Biratta ri et al., 1994) . They are produced by bombarding a copper target with positive or negative hadron beams of momentum of either 120 GeV/c or 205 GeV/c. Measurement positions are provided behind shielding consisting of 80 cm concrete and 40 cm iron, respectively. Calculated (using the FLUKA code) and measured (using Bonner-sphere spectrometers) neutron spectra are in good agreement (Aroua et al., 1994) . The neutron radiation field behind concrete is similar to that observed at flight altitudes ( Fig. 3.13 ) and t hat behind shielding of a highenergy proton accelerator (Fig. 3.12 ). In particular, the two peaks at about 1 MeV and 100 MeV are observed. While the first peak can be attributed to evaporation decay processes from excited nuclei, the second peak is due to a minimum in the neutron total cross sections for elements present in air and shielding materials (Roesler et a l., 1998) .
Proton Therapy Beams
Proton beams for therapeutic applications (Petti and Lennox, 1994; Kacperek and Shaw, 1996) are produced by isochronous cyclotrons, synchrocyclotrons or synchrotrons (Scharf, 1994; Scharf and Chomicki, 1996; ICRU, 1998b) . The properties of the accelerated beams (time structure, stability, etc.) are more important than in the case of secondary particle beams such as neutrons and have an important influence on the beam modification techniques used to produce desired (uniform) dose distributions over the treatment volume. These include passive mechanical systems (Wilson, 1946; La rsson, 1961; Koehler et al., 1975; 1977; Khoroshkov et al., 1987; Jones et al., 1994; Jones, 1995) which provide fixed modulation, or active magnetic scanning systems (Larsson, 1961; Kanai et al., 1980; Graffmann et al., 1985, Renner and Chu, 1987; Blattmann et al., 1990; Haberer et al., 1993; Scheib, 1993; Chernyakin et al., 1994) which provide variable modulation.
Wobbler, raster or spot scanning systems are expensive and technically complex, but are more flexible as no patient-specific devices are required when these systems are used in conjunction with a multi-leaf collimator. The therapeutic advantage lies in the reduction of dose deposition in normal tissue proximal to the treatment volume (Goitein and Chen, 1983 ). Most proton therapy facilities have horizontal beam configurations. However, at present, three types of isocentric gantries are in use or are under construction: a corkscrew gantry (Koehler, 1987) ; a compact eccentrically mounted gantry (Pedroni et a l., 1995); and a conventional gooseneck gantry (Flanz et al., 1995; 1996) .
The useful therapeutic range of energies for proton beams is between about 60 and 250 MeV, corresponding to ranges in water of between 3 and 38 cm. Higher energy beams may be required for proton radiography (Schneider and Pedroni, 1994; 1995) , tomography (Takada et al., 1988) and conformal therapy (Mackie et al., 1993; Yang et al., 1997 therapy facilities together with some details of the beam characteristics are given in Table 3 .4.
Energy Spectra of Proton Therapy Beams
In order to tailor a proton beam from an accelerator for use in radiotherapy, several beam modification devices may have to be intr oduced between the accelerator and the patient. These devices, as well as the primary accelerated beam parameters, affect both the dose distribution and the energy spectrum Berger, 1993; Ferrero et al., 1995; Medin and Andreo 1997; Sandison et al., 1997; Siebers and Traynor, 1997) and analytic (Gottschalk, 1990 ; Bortfeld and Schlegel, 1996; Carlsson et al., 1997) calculations can be undertaken to predict the effect of these devices and the beam parameters and thus to ensure that the beam characteristics are optimized for specific therapy r equirements. Spectral information can also be used in treatment planning programs, for shielding design Proton energy, E 0 ! MeV Fig. 3.16 . Measured and computed fiuence spectra for a 191 MeV incident proton therapy beam. The computed spectrum was convoluted with a 2-Gaussian spread function (2G) to simulate the energy resolution of the experimental system. The spectra are normalized to 1.0 at maximum fiuence. (Siebers and Symons, 1997.) and for explaining differences in clinical, radiobiological and dosimetric data obtained at various centers.
The only reported measurements of energy spectra of proton therapy beams have been undertaken on the passively modified fixed 200 MeV horizontal beam facility at the National Accelerator Centre (NAC) (Jones, 1995; Jones et al., 1994; 1996 , Schreuder et al., 1996 . An elastic scattering technique was used to measure the spectra (Brooks et al., 1996; 1997) using various collimator sizes, degraders and modulators.
The attenuators have the expected effect on the energy spectra (Figure 3 .14) in that the peak energy decreases and the FWHM (full width at half maximum) increases with increasing acrylic attenuator thickness. A feature of the data is the negligible Proton energy, E 0 ! MeV Fig. 3 .17. Measured and computed fiuence spectra for a 191 MeV incident proton therapy beam with the Bragg peak spread out to 11 cm (90% dose level in water) and degraded with a 9.3 cm thick acrylic absorber. The spectra are normalized to 1.0 at maximum fiuence. (Siebers and Symons, 1997.) Depth in water, d I cm Fig. 3.18 . Measured and computed proton central axis depth dose distributions for 191 MeV incident protons: unmodified (curve 1); and with Bragg peak spread out to 11 cm (90% dose level in water) and degraded with a 9.3 cm thick acrylic absorber (curve 2). These are the same irradiation conditions as in Fig. 3 .14 and Fig. 3 .15, respectively. The distributions are normalized to 1.0 at maximum dose. (Siebers and Symons, 1997.) number oflow-energy protons in the spectra. Spectra measured with different rotating variable-thickness acrylic modulators (Figure 3.15) show clearly that the modulators spread the high-energy component of the spectrum, as desired, without introducing any significant additional low-energy component due to nuclear interactions.
Modeling of Proton Therapy Beams
Monte Carlo particle transport techniques have been used to simulate the NAC proton therapy beam line (Siebers and Symons, 1997) . A modified version (Siebers and Traynor, 1997) of the LAHET code Field radius, r I cm Fig. 3.19 . Measured and computed transverse proton beam absorbed dose profiles at a depth of 5 cm for a 191 MeV incident proton beam. The collimator diameter was 5 cm, t he beam was degraded wit h a 9.3 cm thick acrylic absorber and the Bragg peak was s pread out to 11 cm (90% dose level in water). The profiles are normalized to 1.0 on the central axis. (Siebers and Symons, 1997.) (Prael and Lichtenstein, 1989 ) was used to calculate fluence spectra and dose distributions. Landau-Vavilov range straggling (Landau, 1944; Vavilov, 1957) is included in the version of LAHET used. Nuclear interaction cross sections and reaction products are computed with the intranuclear cascade model of Bertini (1969) .
Measured and computed energy spectra are shown in Figure 3 .16. In this case, no range modulators or attenuators were used. The LAHET-computed spectrum is significantly narrower than the measured one due to the finite resolution of the experimental system. This resolution was simulated by convoluting the LAHET prediction with a Gaussian energy spread function to match the measured resolution. As shown, a two-term Gaussian function (2G) reproduces the measurement almost exactly.
In Figure 3 .17 the LAHET computed energy spectrum is compared with the measured spectrum in an attenuated and range-modulated proton beam. After compensating for the energy resolution, LAHET accurately reproduces the energy degrading effects of the additional 9.3 cm of a crylic, and the s pectral broadening caused by the range modulation required to produce an 11 cm spread-out Bragg peak. The excellent agreement between the measured and the LAHET-computed depth and profile dose distributions is shown in Figures 3.18 and 3 .19 respectively.
